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SUMMARY

An Investigation has been made of the angle—of-attack—type
loading for an elliptical wing of aspect ratio 4.5 in an attempt to
auvgnent the existing methods of prediction of finlte span angle—of—
attack hinge-moment paremsters.

The angle—of—attack—type loading yilelde a linear variastion of
downwash from the 0.1 to the 0.9 chord statlon. In previous investi—
gatlons thls linear variation was extrapolated to cover the whole
chord. In the present study, special conslderation was glven to the
calculatlion of the vertical induced flow near the leading and trall-
ing edges. Deviations from the linesar downwash variation were found
in thess vicinities, ’

Desplte the differences noted in the vertical induced veloclty
variations, application of these downwash results to the prediction
of hings~moment paramete.. produced results that compared well wilth
the predicted values from previous investigations and with experi-
mental results,

INTRODUCTION

The presentation of a semlgraphicael method of induced velocity
calculation by Cohen (reference 1) led to the development of a
lifting—surface—theory analysis of the variation of hings moment
with engle of attack for a finite span wing (reference 2). Subse~
gquent analyses on an electro-magnetic~analogy model (reference 3)

combined with the results of reference 1 produced a satisfactory =

method of predicting finite span hings-moment parameters

(reference 4). This method, however, is based upon a study of a
limited numbsr of aspect ratlos and upon the assumption of a linsar
variation in downwash near the leading and trailing edges of the
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wing. Conseguently, the methéd and results of reference U4 are
subject to possible changes as more extenslve research in this
field is completed.

Thie report covers the investigation of an angle—of-attack-—
type loading on a wing of elliptical plen form of-aspect ratlo k.5
having & gtralght and unswep®t guarter—chord line. The predictions
of the angle—of-attack parameters in reference Ut were based on
calculations for wings of eliiptical plan forms of aspect ratlos
3 and 6 heving & straight SO-percent—chord -line. A different
aspect ratio and a slightly different plan form, therefore; have
heen considered in this report. In particular, however, consider—
able progress toward a conclusive determination of the induced
velocitles near the leading and trailing edges hes resulted from
this investigation,

Differences with respect to previous results have been
evaluated by comparison of these computatlions with the interpolated
results of reference 4. Both sets of results have also been
compared with experimental data from tests of four semispan
horizontal—tall models.

SYMBOLS AND COEFFICIENTS

< gecmetric angle of attack of 1lifting surface, degrees

(unless otherwise specified)
o induced angle of attack, degrees (unless otherwise gpecified)
Cr. 1ift coefficient
cl section l1ift coefficilent
Cn hinge-moment coefficlent
Ch section hinge—moment coefficlent
c chord of lifting surface at any section
Co chord in the plane of symmeiry
cp- root-mean—square chord of the control surface
x/c distance along the chord measured from the local leading

edze as a fraction of the chord
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gemispan of the lifting surface

distance along the span divided by the semispan, measured
from the plane of symmetry

total gpan of the control surface

variation of 1lift coefficient with angle of attack

(3cy, /o)

variation of section 1ift coefficient with angle of
attack (dcy /o)

variation of hings-moment coefficient with anzle of
attack (3Ch/da)

variation of section ninge-moment coefficient with angle
of attack (Jcy /o)

free~stream dynamic pressure ' N e
vertical component of induced veloclty

difference between the two—~ and three-—dimensional
induced velocities

circulation strength

maximum value of circulation strength on the surface

average circulation strength around a ¢ircle of radius r

nond.imensional value of the vertical induced velocity

radial distance from a point in the plane of the lifting
surface at which the induced veloclty is being
dstermined

aspect ratio . . . L

the pressure coefficient, In terms of gq. representing

the difference in pressure hetween the upper and lower
airfoil surface
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METHOD
Determination of the Induced Velocities

The basls of the analytical phase of this investigation is the
Cohen semigraphical lifting—surface method for induced veloclty
calculations (reference 1). By use of-thie method a two—dimensional
chord loading, distributed ower a finite span wing acccrding o the
dictates of lifting-line theory, can be analyzed with reapect to
satisfying the boundary conditioms. Revisions to the assumed lbad-
ing can be estimated from the discrepancies between the computed
downwash and the known boundary conditions (usually the slope of the
mean camber line). These revisions in loading are used to eatimate
three—dimensional-flow effects on the surface lodd distribution and
the hinge-moment characterisfics.

Previous work in the fleld of hinge-moment prediction has been
based on downwasli calculations from both the Cohen method and an
electro-magnetic-eanalogy-model method (reference 2). The downwash
results used in reference 2 were obtained from reference 1l which
presented the downwash for only the one~quarter and three—quarter
chord stations., The downwash results from the electro-magnetic—
analogy model were presented only for values of - x/c between 0.1
and 0.9 of the chord, since by the very nature of tie equipment
involved, the results nearer the leading and trailing edges could
not be obtained. '

By replacing some of the graphical operations wltbh analytic
methods it was possible o apply the Cohen method with considerable
accuracy In regions that previously have been relatively unexplored.
In particular, for radii from the peint at which the downwash was
sought up to an “55 of approximetely 0.1, the values of the

b o S .
circulation I' were determined analytically, not graphically, and
considerably more accurate values of [I' for the smaller radil wore
cbtained in this manner.

The leading—edge pointes received specisl consideration. A
modification covering the first 1~1/4-percent chord was made to
the vorticity distribution of the thin airfcll additionsl loading,
ghown in figure 1, to cbtaln & mare amenable soclution for the
leading—edge Induced veloclty. A quartic of the type

A+ 3B (x/c)2 + C (x/c) was substituted, heving - a' . o»
Zx}c5

at x/c = 0. At the 1-1/b—percent-chord station the ordinate
and slope of both the original and quartic curves were made equal
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as shown in figure 2. The effect of this revision on the assumed
chordwise load distribution was merely to make the value of the load
at the leadling edge zero rather than Iinfinlty and to alter the
pressure distribution for the 1-1/k percent of chord over which the
revision extended. The revislon of the I' curve had a large effect
on the values of the 1nduced velocities at the leading edge (fig. 3),
but thelr effect on the quarter— and three-quarter—chord velocities
was negligible. As the chord correction results are based on the
difference between the two—dimensional and three~dimenslonal Ilnduced
velocltles, morsover, these results are as generally applicabls to
the angle—cf-attack hinge-moment paremeters as are resullis using.
the theoretical angle—uf-attack chord loading.

"The assumption of & unit maximum circulstion and a unit
semispan (as done in reference 1) yielded solutions for the
downwash in a nondimensional form as /2, Values of the induced

T max
velocities for the chordwise and spanwilse stations Investigated on
the aspect ratio 4.5 wing are given in table I. These results were
compered with the induced velocity gt the corresponding chordwise
stations for the two-dlimsnsional flow, and the incroments
A ¥B/2, shown in figure 4, were determined.

inx

Dotermination of the Load and Hinge-Moment Corrections

In general, to convert the veloclity incremsnts into load
increments, an average induced anglo of attack is assumed that
corrasponds, closely to the mean valus of the Induced velocity
increments on the wing. The load resulting from this average
induced angle of atteck msrely changes the magnituds of the chordwise
load distribution assumed and therefore corresponds to the usual
lifting-line~theory type of correction. For ths prediction of Cngq
this part of the correction takes the form

one - (228t ) e (1)

if the spanwise Integration can be neglected. The remalining induced
velocities yield a load correction composed partly of additionsl-
type-loading and partly cf a camber-type loading that can be
eveluated by the methods of reference 5. This load correction can
be converted to a hinge-moment correction Acp by integration over
the control-surface chord.
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These additive streamline-—curvature hinge-moment corrections
can be consldered elther as correctlions per unilt Lift coefficient
or ag corrections per unit geometric angle of attack 1f the section
results are multiplied by the section lift-curve slope., If the
correction i3 assumed to be per unit lift coefficient, 1t is
sufficlent to multiply by the finite—gspan lift-—curve slope Cr,
to account for the effects of aserodynamic induction in the
conversion of the integrated hinge—moment correction to A&lhy.

Mhg, = & g:g.@ Clg = (bf/b)cléf)éﬁggg—?) o2 d<.517'§> 2)

To evaluate the differences between the results of reference 4
and this report, while keeping the approximate factors to a minimum,
comparisons of the hinge—momont paremeters were made on the basis
of the unit 1ift coefficient. Equation (13) of reference 4 and
equation (2) in this report were used to get the integrated results
over the span of the wing. In order to obtain & more practical
evaluation of the differences in hinge moment, comparisons were
made of both sets of results with experimental values of Cp, for
four semispan horizontal-tell models. The geomstric character—
istics of these models are presented in table IT. The plan forms
and ailrfoil profiles of these models are sketched in figure 5.

The procedure used in reference 4 to convert A(Ch/dCL) to
&Ch,, s more rigorous in accounting for induced effects than the
procedure used herein. In addition, reference L includes a factor
1 which is intended ae a viscosity correction to the streamline
curvature load, These factors had very littls sffoct for the cases
considered in this investigation, but the effect of the mn factor
cen become appreciable for airfoll profilss having sizable trailing-—

edge angles.

RESULTS AND DISCUSSION

Comparison of Downwash Results With Interpolated
Downwash From Reference k4

The variation of A.E_Elg along the chord is shown in figure b

max
for the center line, 0.5 b/2 and 0.9 b/2 spenwise stations of the
elliptic wing of aspect ratio 4.5, Curves are included also for
elliptical plan forms of aspect ratios 3 and 6 from reference k.
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At the center line and 0.5 b/2 spanvise stations the downwash
results for the aspect ratio 4.5 correspond fairly well, except at
the leading edge, to what might be expscted from an interpolation
between the aspect ratios 3 and 6 results of reference 4. Close
exemination reveals, however, that small bubt possibly effective
differences exist. The slope of the downwash at 0.5 b/2 is
8lightly greater than a reasonable interpolation might yield, and
near the tralling edge a slight departure from the linear slope can
be noted. At 0.9 b/2 the slope of the greatest extent of the curve
is slightly greater than the probable interpolated value. The
curvature in the downwash variation near the trailing edge has
became marked, however, and the over-all values of the dowvnwash are
greater then the values for aspect ratios 3 or 6 and, consequently,
are greater than any possible interpolated values fcr the aspect
ratio 4.5. .

The tendency of the induced velosities to diminish in
magnitude near the trailing edge ls merely an early manifestation
of the trend. of the downwash to return to a value of

0.5 YP_"JE at an infinite distance behind the wing. In terms of
max
the load distribution, it is an indication that the load in the
viecinity of the trailing edge must be increased to satisfy the
boundary conditiomns loscally.

The incresse in the average value of the downwash at the
0.9 b/é station over the values from reference L must be attributed
to plan—form effects (in this case the difference between a linear
guarter—chord line or a linear 50—percent~chord line) until more
extensive induced velocity anslyses are carried out for elliptical
plan forms.

Effects of the Chordwise Downwash Differences
on the Hinge-Moment Paremeters

By converting the downwash results to chord loading curves
and hinge-moment parsmeters, the effect of these differences of
induced velocities was evaluasted.

The influwence of the nonlinearlty of the chordwise induced
veloclty variation neer the leading edge was not expected to be
vory great on the distribution of the pressure over the rear part
of the chord. This expectation was confirmed by comparison of the
combined induced angle of attack and streamline curvature chord
loadings over the rear half of the chord for both an extrapolation
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of the linear slopes and the actual curves contalning the arbitrary
fairing to the leading-edge points. Coneequently, no further
conslderation was given to these leadingedge values and, for the
region forward of the guarter chord, the curves veore assumed to be
extenslions of the linear siope in the subsequent calculatlons.

The slight increasse in loed over the rear part of the chord
due to the reduction of—the downwash in that vicinity tends to
yield more negative hinge moments. At 0.9 b/2 this tendency is
counteracted by the Increase in the average value of downwash
which yilelds an algebreicelly positive hinge-moment correction. At
0.5 b/2 the slightly greater value of the negative slope of the
downwash curve ‘vends tv counteract the effect of the reduction in
downwash near the trailing edge. To estimate the accumulated
effect of these changes on the hinge nmoment, an elliptical plan
form with a 30-psrcent—chord plain flap was selected, and values
of the parsmeter AOCp/dCI, were computed. Comparisons were made
of the value of AbCh/ C1, obtained from reference 4, the value
corresponding to the extended linear slopes and. the value
corresponding to the downwaesh variation containing the curvature
between x/c = 0.95 and x/c = 1.00. The —esults are given in
the following table: :

Source C- . O3CR/e0T,
Reference 4 0.0162
Linear downwash variation 0.0206

Nonlinear downwash varlation . 0.0186

The effects of the Increased slope of the downwesh curve at
0.5 b/2 and the increase in the average value of the downwash at
0.9 b/2 have mord than compensated for the effect of the curvature
in the downwash varietion negr the trailing edge. The net
increment in ABCh/BCL that this investligation ylelds over that
given by reference 4 is 0.002k which corresponds to a Mpgy oOF
approximately 0.00016 for an aspect ratio of 4.5. Since the total
correction to Ch, is about AChg = 0.0012, this possible error
of approximately 10 percent does not appear to be large enough to
invalidate the hinge-moment-prediction results in reference 4.
Indeed, a compaxriscn of both sets of apalytical results with the
experimental results for the four semispean horizontal tails of
aspect ratio 4,5 affirme this conclusion. The predicted and
experimental values of Cp, ~shown in teble ITI are in excellent
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egreement with the exception of the value for Chy predicted for
model A, using reference 4. Thais model had a constant—chord control
surface, and in epplying reference 4 it was necessary to use averaged
values of the parasmeters that varied slong the span; whereas, the
predicted value for model A based on the results from this investl-
gatlon was obtained by a spanwise integration and yielded a suitable
prediction.

Status of Hinge-Moment Prediction Methods

In general the present and previocvs comparisons with experi—
mental results have indicated that reference Lt yields suitable
predictions for simple conventional control-surfece configurations
when the section data were kmown or could be estimated readily.
For control surfaces heving vrnusual features such as horn balance,
large cutouts, profiles that differ greatly from the standard
subsonic profiles, stc., the predictions using reference b might
not be sufficiently accurate. The possible variations in such
factors as plan form, asrodynemic balence, viscosity effects and
section profile are so numerous that an enalysis involving the
effects of all these factors appears +o be impessible. However, a
reasonable estimation of the effects of the most important
paramsters as presented in reforence 6 for airfoil sections and
in reference 4 for three—dimensional wings should suffice for
ceneral application. Fuither investigations covering three—
dimensional effocts., such as carried out herein, may possibly add
improvements to the general method. It is probable, however, that
further improvements in hinge-moment prediction will be restricted
tu specific three—dimensional configurations and tc the more
comprehensive analysis of the alrfoil section parameters with
regord to two-dimensional hingo-moment date.

CONCLUDING FEMARKS

The downwash results from this investigation of an aspect
ratio 4.5 elliptical wing agree in general with the downwash
results from previous investigations., The previously
established linearity of the downwash variation along the chord,
however, was not verified noar the leading and trailing edges.

The trailing edge nonlinearity had an appreclable effect on
the correction to the chordwise load distribution but, due to an
accumulation of other minor downwaeh differences, this effect of
the nonlinearity was counteracted to & considerable degree.,
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The net effect of the differences between the downwash results
for this and previous investigations was studied by comparison of
predicted values of Ch, with the erxperimental values for four

semispan horizontal—tell models. These comparisons indicated that
in such practical applications the results of this and the previous
investigation agreed well with the experimental results and with
each other.

Ames Aeronautical Leboratory,
Watlonal Advisory Committee for Aeronsutics,
Moffett Fileld, Calif.
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TABIE I .

THE COMPUTED VALUES OF VERTICAL INDUCED VEBLOCITY

b/2 b/2

%ﬂg FOR THE FINTTE ARD INFINITE ASPECT RATICS

max .

Chordwiae Aspect ratio 4.5
station Infinite

A T = 0,5

aspect ratio

ﬁ: 0.9

[PUE S5

-10,650 <10.4%0 -10.532
562 832 834
do. 875 892
do. 876 ——
do. - - _
do, 885 911
do, - - -
562 890 .910

m

-10.930
825
1.001
1.033
1.068
1.053 - !
1.039 |

NATTONAT, ADVISORT
COMMITTEE FOR AEROWATUTINS

aeqT *oN ML VOVH

TT




TABLIE IT

THE GECMETRIC CHARACTERISIICS OF THE FOUR SEMI--

SPAN HORIZORTAL TAIL MODELS INVESTIGATED

Gecmetric Horizontal—tail models
characteristics A B c D
Aspect retio h.5 k.5 b k5 L.5
Taper retio 0.5 0.5 0.5 0.5 ¢
Tlevator chord 25¢c(av.) 27c .33¢ Jle
Balence chord .12cg(av.) Jbce 15¢c¢ 43cp
Dt 1.0 1.0 92 872
b/2 - ‘
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TABLE ITI

THE FREDICTED AND EXPERIMENTAL VALUES OF Cyg

FOR AN ASPECT RATIO OF 4.5

OSfT °"ON NL VOVN

Semispan Lifting— | Correction | Lifting- Eryor Eyror
hopi~ |paneet| 1ime | to lifting-| line Chq, Chy, [(Lifting-| (Lifting- | Error
zontal | .ari0| theory, line theory | (Refer- | (Bxperi~| 1ine .linc (Refor—
tail Ohy theory, plus ence 4) | mental)| theory) theory |ence k)
model Long, correction, plus
Cny correction)
A 4,5 {-0.0038 ©.0016 ~0,0022 -0,0031 | -0.0022 | -0.0016 0 -0,0009
B k5 1 -,0019 .0008 —-.0011 ~,0011 § --.0011| -—,0008f © 0
C h . h51 —. 0022 .0010 ~.0012 ~.001% | -,0014{ -.,0008 L0002 | 0
D 4,5 | —.0008 .0006 ~,0002 —-.0001 | -.000L} -.,0007{ ~,000L | O
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Figure 5.- Plan forms and profiles of the four semispan horizontal

tail models.



